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Summary
The nervous systems of diverse species, including worms
and humans, possess mechanisms for distinguishing be-
tween sensations arising from self-generated (i.e., expected)
movements from those arising from other-generated (i.e.,
unexpected) movements [1–3]. To make this critical distinc-
tion, animals generate copies, or corollary discharges, of
motor commands [4, 5]. Corollary discharge facilitates the
selective gating of reafferent signals arising from self-gener-
atedmovements, thereby enhancing detection of novel stim-
uli [6–10]. However, for a developing nervous system, such
sensory gating would be counterproductive if it impedes
transmission of the very activity upon which activity-depen-
dent mechanisms depend [11]. In infant rats during active
(or REM) sleep—a behavioral state that predominates in
early infancy [12–16]—neural circuits within the brainstem
[17, 18] trigger hundreds of thousands of myoclonic
twitches each day [19]. The putative contribution of these
self-generated movements to the activity-dependent devel-
opment of the sensorimotor system is supported by the
observation that reafference from twitching limbs reliably
and substantially triggers brain activity [20–23]. In contrast,
under identical testing conditions, even the most vigorous
wakemovements reliably fail to trigger reafferent brain activ-
ity [21–23]. One hypothesis that accounts for this paradox is
that twitches, uniquely among self-generated movements,
lack corollary discharge [23]. Here, we test this hypothesis
in newborn rats by manipulating the degree to which self-
generated movements are expected and, therefore, their
presumed recruitment of corollary discharge. We show
that twitches, although self-generated, are processed as if
they are unexpected.
Results and Discussion
Recording SensoryResponses in the PrimaryMotor Cortex
Unanesthetized 8- to 10-day-old (P8–P10) rats (n = 11) cycled
freely between sleep and wake while head-fixed in a stereo-
taxic apparatus with their limbs dangling freely (Figure 1A).
We used 16-channel silicon electrodes to record extracellular
neural activity from the hindlimb region of the primary motor
cortex (M1). We chose to investigate M1 because, contrary
to its designation as amotor structure, M1 also processes sen-
sory (including proprioceptive) information [24], beginning
early in development [25]. Also, because the cortical motor
map develops gradually over the postnatal period, stimulation
of M1 at early ages has a lower probability of producing a*Correspondence: mark-blumberg@uiowa.edumovement than in adults [26]. It must also be stressed that
M1 appears to play no role in the production of twitches [17,
18]. For these reasons, we began this study with the primary
aim of exploring the developmental foundations of sensori-
motor processing within M1.
In pilot experiments, we established the coordinates of the
hindlimb region of M1 using electrical stimulation to specif-
ically elicit contralateral hindlimb movements. Then, for every
pup tested here, we verified electrode location by manually
stimulating the contralateral and ipsilateral hindlimbs, as well
as both forelimbs and the tail, to confirm the specificity of
M1 responding to the contralateral hindlimb (see Movie S1
available online); whereas flexing of the hindlimb effectively
triggered M1 activity, tactile stimulation alone did not. Histol-
ogy showed that electrodes were located in agranular cortex
(Figure 1B, left).
The linear arrangement of the electrode sites (100 mm be-
tween sites) allowed for simultaneous recording from multiple
cortical layers. Every other electrode site was filtered to iden-
tify spindle bursts in the local field potential (LFP; Figure 1B,
right, blue traces) or multiunit activity (MUA; Figure 1B, right,
black traces). All recorded units were located in the deep
layers of M1. Spindle bursts were defined as described previ-
ously [20] (Figure 1B, blue highlight).
Twitch-Related, But NotWake-Related, Movements Trigger
M1 Activity
As shown in Figure 1C for a representative recording, both LFP
andMUAactivity inM1 occurred predominantly during periods
of active sleep. This activity was particularly prominent during
periods of hindlimb twitching (see Movie S1). In contrast,
although wake-related hindlimb movements were frequent
and vigorous, M1 activity was nearly absent (see Movie S1).
Across all pups, there was a significant increase in mean rates
of spindle bursts (t10 = 9.2, p < 0.01) and mean unit firing rates
(t16 = 3.2, p < 0.01, n = 17 units, one to two units per pup) during
sleep (Figure 1D). Moreover, LFP power and unit activity
increased significantly after twitches with a latency of at least
100–125 ms (Figure 1E), consistent with previous reports of
twitch-related reafference in the cerebral cortex [21, 22].
Finally, these results were replicated in P4 and P12 rats,
demonstrating the stability of the effect across early develop-
ment (Figure S1).
Hindlimb Exafference Triggers M1 Activity Regardless of
State
It is possible that the data in Figure 1 resulted from global
gating of all wake-related sensory input. If this is true, then
manual stimulation of the hindlimb (i.e., exafference) should
be able to trigger M1 activity during sleep, but not during
wake. To rule out this possibility, we manually flexed the hin-
dlimb contralateral to M1 as pups cycled between sleep and
wake over a period of 10 min. Figure 2A depicts representative
stimulations (arrows) performed during each state and the
neural responses that follow these stimulations. Across all
pups tested (n = 11), we observed significant increases in
both LFP power and unit activity in response to stimulations
regardless of behavioral state (Figure 2B). Importantly,
because exafference was transmitted to M1 during periods
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Figure 1. Hindlimb Twitches, but Not Wake-Related Hindlimb Movements, Trigger M1 Activity
(A) For these recordings, P8–P10 rats were head-fixed in a stereotaxic apparatus and maintained at thermoneutrality. The torso was supported by a
platform, and the limbs dangled freely.
(B) Left: a coronal brain section, stained with cresyl violet, depicts the electrode track for a P10 subject. M1 is medial to the primary somatosensory cortex
(S1) and is agranular; the granular cell layer in S1 is denoted by the arrow. Right: recordings from six sequential electrode sites with 100 mm separation.
Signals are alternately filtered for multiunit activity (MUA; black traces) and local field potentials (LFP; blue traces). The spindle burst (blue highlighting)
co-occurs with a burst of action potentials after a hindlimb twitch (green trace).
(C) Representative data depicting sleep and wake behavior, MUA, LFP, and hindlimb and nuchal electromyogram (EMG) during spontaneous sleep-wake
cycling. Red tick marks denote hindlimb twitches, and red horizontal lines denote hindlimb wake movements.
(D) Mean (+SEM) rate of spindle burst (n = 11) and unit (n = 17) activity during active sleep and wake periods. *, significant difference from other group,
p < 0.05.
(E) Waveform average and event correlation for LFP power and unit activity, respectively, in relation to hindlimb twitches for pooled data (4,047 and 6,358
twitches, respectively). The blue dashed lines denote upper and lower acceptance bands (p < 0.05).
See also Figures S1 and S2.
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(A) Representative recordings in P8–P10 subjects
depicting multiunit activity (MUA; black traces)
and local field potential (LFP; blue traces) re-
sponses to hindlimb stimulation (arrows) during
sleep (left) or wake (right). Nuchal EMG (green
traces) is also shown.
(B) Left: waveform averages for LFP power in rela-
tion to hindlimb stimulation during sleep (blue
line) and wake (red line) for data pooled across
all subjects (n = 11). Thresholds for statistical sig-
nificance are indicated by the color-coded dotted
lines. Right: event correlations for unit activity
in relation to hindlimb stimulation during sleep
(blue histogram; 417 stimulations) and wake
(red histogram; 418 stimulations) for data pooled
across all units (n = 17). Color-coded dotted
lines denote upper and lower acceptance bands
(p < 0.05).
See also Figure S2.
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2138of high muscle tone (see Figure 2A, right), muscle tone alone
cannot account for the wake-related gating of reafference.
Finally, there was no significant difference in maximum LFP
power between sleep and wake (t10 = 1.3); in contrast, there
was a small (<10%) but significant difference in maximum
unit firing rate (t16 = 4.1, p < 0.005). In any event, it is clear
that there is no global gating of sensory input to M1 during
wake.
‘‘Unexpected’’ Self-Generated Movements Trigger M1
Activity
By design, because pups’ limbs dangled freely in the appa-
ratus (see Figure 1A), there was no opportunity for unexpected
reafference from hindlimbmovements. Consequently, the lack
of M1 activity after wake-related hindlimb movements is
consistent with the idea that corollary discharge gates or can-
cels the expected reafference from self-generatedmovements
[1, 3] (Figure S2A). In contrast, exafferent stimulation of the
hindlimb cannot, by definition, be accompanied by corollary
discharge and is therefore unexpected (Figure S2B), thus ex-
plaining the findings presented in Figure 2. We next evoked
self-generated movements that differ in their expectancy so
as to provide insight into the mechanisms by which twitches
trigger M1 activity. If corollary discharge is involved in the
processing of reafference from self-generated movements,
we predicted that only unexpected movements (i.e., move-
ments not accompanied by corollary discharge) would trigger
M1 activity.
We first considered the possibility that with direct activation
of lumbar spinal motoneurons we could trigger self-generated
hindlimb movements while bypassing corollary discharge
mechanisms that originate in the brain [27] (Figure S2C). In
P8–P10 rats, we injected a nonselective 5-HT agonist, quipa-
zine (3.0mg/kg, intraperitoneal), which activates lumbarmoto-
neurons and, as a consequence, produces limb movements
[28] (see Movie S1). We recorded M1 activity before and afterquipazine or saline injection (Figure 3A).
Hindlimb movements, rate of spindle
burst activity, and unit firing rate all
increased significantly after quipazine
administration. Specifically, for hindlimb
movements, we found significant maineffects of group (F1,10 = 59.7, p < 0.001) and time (F1,10 =
184.8, p < 0.001) and a significant group 3 time interaction
(F1,10 = 271.8, p < 0.001; Figure 3B). For spindle bursts, we
found significant main effects of group (F1,10 = 24.5, p < 0.01)
and time (F1,10 = 14.0, p < 0.01) and a significant group 3
time interaction (F1,10 = 29.2, p < 0.001; Figure 3C). Finally,
only four pups in each group yielded clear M1 units; nonethe-
less, for unit activity, we found a significant main effect
of group (F1,6 = 7.3, p < 0.05), a nonsignificant main effect
of time (F1,6 = 4.8, p = 0.07), and a marginally significant
group3 time interaction (F1,6 = 5.9, p = 0.05; Figure 3C). These
results suggest that reafference from unexpected self-gener-
ated movements are conveyed to M1. They also suggest
that spinal motoneurons and the associated local circuitry
are downstream from the generators of corollary discharge
that suppress reafference associated with wake-related limb
movements.
Because quipazine was injected systemically, we wanted
to ensure that the M1 activity we observed was due to effects
on spinal motoneurons. Therefore, in two additional P8–P10
rats, we performed midthoracic spinal transections, thereby
severing communication between the lumbar spinal cord and
brain (Figure S3A). We immediately noticed that, consistent
with previous findings in the somatosensory cortex after spinal
transection [20], spindle bursts inM1weremuch less prevalent
(although not eliminated), thereby indicating that M1 activity is
driven by limb reafference. Critically, injection of quipazine in
the transected pups evoked hindlimb movements, similar to
those in the nontransected pups (Figure S3B, top row). How-
ever, unlike in the nontransected pups, spindle burst activity
in the transected pups did not increase after quipazine injec-
tion, thus suggesting that the earlier results arose from quipa-
zine’s direct effects on spinal circuits.
We next devised two behavioral methods that, although
different in their presumed recruitment of corollary discharge
mechanisms, allowed us to precisely trigger the onset of
Pre Post
100 µV
100 µV
100 µV
1 s
Pre
LFP
MUA
Hindlimb
EMG
Quipaz
ine
Saline
Post
A
B C
Pre PostPre Post
Ti
m
e 
m
ov
in
g 
(s
)
R
at
e 
(H
z)
Fi
rin
g 
ra
te
 (H
z)
Spindle BurstsHindlimb activity Unit Activity
Quipazine
Saline
* *† †
†
0
0.09
0.18
0
1
2
0
450
900
Figure 3. Pharmacological Induction of Hindlimb
Movements Triggers M1 Activity
(A) Representative recordings in P8–P10 subjects
depicting multiunit activity (MUA; black traces)
and local field potentials (LFP; blue traces) before
and after intraperitoneal injection of the seroto-
nin agonist, quipazine, or saline. Hindlimb EMG
(green traces) is also shown.
(B) Mean (6SEM) time that the hindlimb moved
before and after quipazine or saline injection
across all subjects (n = 6 per group).
(C) Mean (6SEM) rate of spindle burst (left; n = 6
per group) and unit (right; n = 4 per group) activity
before and after quipazine or saline injection
across all subjects. *, within-subjects significant
difference, p < 0.05; y, between-subjects signifi-
cant difference, p < 0.05.
See also Figures S2 and S3.
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two methods could be performed in the same subjects, we
were able to directly assess differences in the processing of
proprioceptive reafference arising from expected and unex-
pected movements. First, to produce unexpected reafference,
we flicked the tail, thereby engaging local spinal circuits
to cause reflexive hindlimb movements (Figure 4A, red trace;
see also Figure S2C and Movie S1). Second, to produce ex-
pected reafference, we applied a cold stimulus to the snout
[29], thereby causing brain-mediated arousal and associated
activation of hindlimb movements (Figure 4A, blue trace;
see also Figure S2A and Movie S1). Figure 4B presents repre-
sentative data for the two manipulations. Both tail flick and
application of the arousing stimulus (black arrows) elicited
self-produced hindlimb movements (green arrows). As pre-
dicted, hindlimb movements elicited by tail flick, but not those
elicited by the arousing stimulus, triggered significant in-
creases in LFP power and unit activity in M1 (Figure 4C). More-
over, maximum values for both LFP and unit activity were
significantly greater in response to tail flick than to the arousing
stimulus (LFP: t5 = 4.1, p < 0.01; MUA: t5 = 65.3, p < 0.001).
To ensure that tail flicks did indeed activate local spinal
circuitry, we performed tail flicks and arousing stimulations
in the same two pups with midthoracic spinal transections
described above. In the transected pups, flicks of the tail trig-
gered hindlimb reflexes without affecting M1 LFP power (Fig-
ure S3B, bottom row). In contrast, stimulation of the snout
was still able to arouse the transected pups (e.g., as seen
by forelimb movements); however, as expected, we did not
observe hindlimb movements or increases in M1 LFP power
(data not shown).
Conclusions
The absence ofM1 activity during self-generatedwake-related
movements, as observed here, is consistent with earlier re-
ports describing differential sleep- and wake-related neural
activity in the thalamus, somatosensory cortex, hippocampus,
and cerebellum [21–23, 30]. This absence of M1 activity,
coupled with the reliable activation of M1 by exafferentstimulation, suggests the operation of
corollary discharge during wake-related
movements (Figures S2A and S2B).
Similarly, in primates, passive head
movements drive neural activity in the
vestibular nuclei, whereas active headmovements do not, suggesting the selective cancelling of reaf-
ference by corollary discharge signals [31]. To further test the
hypothesis that corollary discharge is functioning early in
development, we manipulated the expectancy of the reaffer-
ence from self-generatedmovements (Figure S2C). Only unex-
pected reafference reliably drove M1 activity, similar to what
we observed with twitches (Figure S2D). To our knowledge,
this is the first demonstration of a self-generated movement
that is processed as if it were an other-generated movement
and, therefore, unexpected.
Taken together, our results indicate that proprioceptors
are sufficient to trigger the reafferent activity observed in M1.
Recent evidence suggests that corollary discharge mecha-
nisms originating in the brain suppress proprioceptive reaffer-
ence from the hindlimbs that are processed by Clarke’s
column neurons [27]. At this time, however, little is known
about the neural sources of twitches, especially early in devel-
opment, thus preventing identification of the neural sources
of corollary discharge or the sites where it modulates reaffer-
ence. Therefore, an important next step is to determine
whether the brainstem mechanisms that trigger twitches do
not simultaneously generate corollary discharge or, alterna-
tively, whether corollary discharge is generated but its effects
are somehow inhibited. Regardless of the exact mechanism,
the downstream effects on M1 activity would be the same.
Undernormalwakingconditions, corollarydischargemakes it
possible to account for expected reafferent signals triggered by
one’s ownmovements so that one is able todetect and respond
appropriately to unexpected stimuli in the environment. Such
accounting entails the gating or cancelling of reafference from
self-generated movements. However, for the development
and maintenance of precise, integrated, and hierarchically
organized sensorimotor maps [32], infants likely depend upon
the conveyance of high-fidelity sensory information from self-
generated limb movements to developing brain structures [33,
34]. Twitch movements may be particularly well suited to this
task because, unlike wake movements, they are produced
discretely against a backgroundofmuscle atonia, both ofwhich
enhance signal-to-noise ratio [19]. Our results further suggest
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Figure 4. Effects of Expected and Unexpected
Reafference on M1 Activity
(A) Schematic diagram representing the two
types of self-generated movements. Application
of a cold stimulus to the snout produced general-
ized arousal and elicited vigorous hindlimbmove-
ments, thereby producing expected reafference
(blue pathway). A tail flick engaged local spinal
circuits to cause a reflexive movement of the
hindlimb, thereby producing unexpected reaffer-
ence (red pathway).
(B) Representative recordings in P8–P10 subjects
depicting multiunit activity (MUA; black traces)
and local field potentials (LFP; blue traces) in
response to the arousing stimulus (top) or tail flick
(bottom). Black arrows denote stimulus presenta-
tion and green arrows denote onset of hindlimb
activity.
(C) Waveform averages for LFP power (left)
and event correlations for unit activity (right)
in relation to onset of hindlimb movement for
data pooled across all animals (n = 6) and units
(n = 6), respectively (arousing stimulations =
102, tail flicks = 87). Color-coded dashed lines
denote upper and lower acceptance bands
(p < 0.05).
See also Figures S2 and S3.
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2140that the high fidelity of twitching depends upon the suspension
of corollary discharge mechanisms, providing the infant with
ideal conditions for activity-dependent development of the
spinal cord [35], cerebellum [23], and forebrain [20–22, 36].
The information provided by twitching limbs may also enable
the construction and calibration of internal models and predic-
tive codes,which are thought tobeessential for flexible andeffi-
cient sensorimotor control throughout the lifespan [37–39].
Experimental Procedures
All experiments were approved by the Institutional Animal Care and Use
Committee of The University of Iowa. The apparatus and methods for
recording and analyzing neural and muscle activity in head-fixed pups
have been described previously [18, 21, 22]. All surgeries were performed
under isoflurane anesthesia, and data were collected from unanesthetized
subjects; brain temperature was maintained at 36C–37C. As described
previously [23], spike sorting was performed in Spike2 (Cambridge Elec-
tronic Design). Sleep and wake states were determined by analysis of the
nuchal EMG in conjunction with behavioral scoring [18, 21, 22]. Active sleep
was characterized by the occurrence of myoclonic twitches against a back-
ground of muscle atonia [40]. State-related differences in M1 activity were
tested within each subject (Wilcoxon matched-pairs signed-ranks test)
and across subjects (paired t test). Spikes of EMG activity with amplitudes
greater than 33 baseline were considered twitches. For testing of the rela-
tions between events (e.g., twitches) andM1 activity, twitch-triggered eventcorrelations and waveform averages were constructed [22]. We tested sta-
tistical significance for event correlations and waveform averages using a
jitter protocol [41, 42] implemented in MATLAB (MathWorks). We corrected
for multiple comparisons using the method of Amarasingham et al. [43]; this
method produces upper and lower confidence bands for each event corre-
lation and waveform average. ANOVA was used to evaluate the influence of
quipazine administration on hindlimb movements, spindle bursts, and unit
activity.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, three figures, and one movie and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.07.053.
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